T he application of bioresorbable materials has gained acceptance in the management of patients with maxillofacial trauma, particularly those with midfacial fractures. These materials combine the benefits of rigid internal fixation with the amenities of biodegradation, precluding the need for their removal and reducing their interference with craniofacial growth in children. 1, 2 Therefore, these materials are safe, effective, and sufficiently flexible for use at many craniofacial sites. 3 Their common constituents are polyhydroxyl acids: polymers and copolymers of poly-L-lactic acid (PLLA), poly-D-lactic acid, polyglycolic acid, and polydioxanone sulfate. [4] [5] [6] [7] Developed bioresorbable osteosynthesis materials comprise a composite of PLLA as a base, an osteoconductive material such as hydroxyapatite, 8 and an accelerator of bioresorption such as polyglycolic acid. 9 However, despite the remarkable advances in bioresorbable osteosynthesis systems, there have been no significant improvements in their strength compared with that of titanium plate systems; sufficient thickness is still required to maintain strength, and complications such as palpability are related to the thickness of bioresorbable plate systems. [10] [11] [12] [13] Although the bioresorbable plate system degraded eventually, it takes several years to complete absorption. 14, 15 Therefore, the influence due to the thickness of the osteosynthesis plate is very important.
GRAND FIX (Gunze, Kyoto, Japan) is a conventional, bioresorbable bone fixation device made from pure PLLA that is gradually hydrolyzed and absorbed into the human body. This conventional plate system was further modified to develop a new system made commercially available as a thinner, flat, bioresorbable plate system. This thin, flat plate is stiff, has a similar mechanical strength to that of conservative PLLA plates by giving width, and is suitable for use in the treatment of maxillofacial fractures.
In this clinical study, we compared the surgical management of zygomatic fractures using this new thin bioresorbable plate system or conventional titanium miniplates.
MATERIALS AND METHODS

Patients
In this clinical study, we compared the performance of a bioresorbable osteosynthesis material (GRAND FIX) with that of a standard titanium miniplate (MatrixMIDFACE Plates; Synthes, Oberdorf, Switzerland) for the internal fixation of zygomatic fractures. Twelve systemically healthy patients with zygomatic bone fractures who required open reduction and internal fixation, treated between 2012 and 2014 at the Division of Oral and Maxillofacial Surgery, Kagawa Prefectural Central Hospital, Takamatsu, Kagawa, Japan, and who agreed to attend this clinical study were divided randomly into 2 treatment groups (6 in the bioresorbable osteosynthesis materials group and the other 6 in the standard titanium miniplates group).
All the surgical procedures were carried out by 2 expert surgeons, the first and the second authors, who are well experienced in handling both bioresorbable and titanium miniplate fixation systems based at Kagawa Prefectural Central Hospital, Kagawa, Japan. This study was approved by the Ethics Committee of Kagawa Prefectural Central Hospital (approval number: 403). All patients provided written informed consent to participate.
Methods
Bioresorbable Material
The newly developed thin flat-type bioresorbable plate system GRAND FIX is composed of a monopolymer of PLLA (Fig. 1) . Its molecular weight and crystallinity are, respectively, 2.0 to 2.5 Â 10 5 and about 50%. The bending strength of this plate is 175 to 215 MPa, and the cortical bone has the equivalent of the value (ie, 200 MPa). 16 Decomposition of PLLA occurs gradually, causing small cracks to appear. In vivo, pure PLLA is absorbed and lost in about 3 years to a few years. 15, 17 We used a plate 0.95 mm thick and 5.5 mm wide with screws 2.2 mm in diameter and 5 or 7 mm long. Flexible templates, torque-limiting screwdrivers, a heat bender system, custom-made self-drilling taps, and a special torque driver were used to shape and fit the plate. After the reduction of the fracture, a template was adapted to the contours of the bone. Next, the bioresorbable plate was held in contact with the template in the heat bender system and heated above its glass transition temperature (approximately 658C) until it adopted the shape of the template.
Titanium Plates
The titanium miniplate system used was MatrixMIDFACE. We used plates 0.5 mm thick with screws 1.55 mm in diameter and 4 mm long at the frontozygomatic fracture site. For other midfacial fractures, we used plates 0.7 or 0.8 mm thick with screws 1.55 mm in diameter and 4 or 5 mm long.
Surgical Procedure
We performed the standard surgical procedures according to Arbeitsgemeinschaft für Osteosynthesefragen principles. Zygomatic fractures were stabilized using 2-or 3-point fixation (Figs. 2-3). Three-point fixation at the infraorbital rim was used if the orbit required exploration or reconstruction, or if doing so helped to stabilize the fracture for 2-point fixation. In patients undergoing 2-point fixation, the frontozygomatic sutures were approached via a lateral eyebrow incision. The zygomaticomaxillary buttress was exposed using an intraoral buccal sulcus incision. In patients undergoing 3-point fixation, additional exposure of the infraorbital rim was accomplished via the transconjunctival approach. For 2-point fixation, patients underwent fixation at the frontozygomatic suture and in the zygomaticomaxillary buttress region, whereas for 3-point fixation, patients underwent fixation at the frontozygomatic suture, infraorbital margin, and zygomaticomaxillary buttress region. We were able to adjust the shape of the GRAND FIX bioresorbable plates by bending or twisting them to match a contoured template using a heat bender. Finally, we fixed the plate to the bone with screws using the following 3 procedures. First, we drilled a guide hole with a custom-made drill bit to a depth of approximately 1 mm, shallower than the total length of the screw. Second, we tapped the screw hole carefully with a custom-made tap, and washed out any bone chips present in the foramen. Third, we carefully inserted a screw using a special torque driver to fasten the plate to the bone. In contrast, when fitting titanium miniplates, we inserted a screw using a torque driver after bending and drilling the plate to the bone. Regarding postoperative management, about 1 month after surgery, we instructed the patients to follow a soft diet until the occlusal pain improved. In patients with mandible fracture, although we did not use intermaxillary fixation, guiding elastics were used to guide occlusion in mandibular fracture where appropriate. As a postoperative step to prevent infection, the patient was administered a first-generation cephalosporin antibiotic every 12 hours for 3 days.
Clinical Evaluation
Patients were followed up postoperatively every 2 months, and the functional status and complications (including infection, swelling, nonunion, malunion, and exposure of the plate) of treatment were assessed through clinical and radiographical examinations.
Image Acquisition
Computed tomography (CT) scans were obtained for all patients at 6 months postoperatively using the following parameters: matrix, 512 Â 512 pixels; slice thickness, 1 mm; speed per rotation, 1 mm; reconstructed slice increment, 1 mm; and reconstruction algorithm bone gantry tilt, 08.
Computer Image Analysis
We evaluated the postoperative CT data using SimPlant 11.04 (Materialise Dental Inc, Leuven, Belgium). First, we set the midpoint of the medial and distal edges of the frontozygomatic suture (Fig. 4A) . Next, we drew a vertical line to the zygomatic bone from the midpoint to set the point of intersection with the soft tissue. In this way, we measured the distance between the soft tissue and the bone (Fig. 4B) . All measurements were collected 3 times from 1 CT scan data, and the mean value was calculated. For each group, we compared the amount of soft-tissue volume increase of the uninjured healthy side with that of the injured operated side.
Statistical Analysis
The paired Student t test was used to compare the amount of soft-tissue volume increase at the frontozygomatic sutures of the injured operated side relative to that of the uninjured healthy side between patients treated with bioresorbable plates and patients treated with titanium miniplates. The software package used for computer-assisted statistical analysis was JMP 11.0 for Mac (SAS Institute Inc, Cary, NC). Results were considered statistically significant when the P value was <0.05.
RESULTS
Patients were followed up postoperatively, and the functional status and complications (including palpability, infection, swelling, nonunion, malunion, and exposure of the plate) of the treatment were assessed by clinical and radiographic examinations both in patients fitted with bioresorbable plates and in those fitted with titanium miniplates (Table 1 ). All patients eventually achieved satisfactory healing with favorable restoration of form and function without any complication including palpability ( Table 1 ). The fracture lines healed completely in all patients.
The amount of soft-tissue volume increase at the injured operated side relative to the uninjured healthy side using bioresorbable plates was 131.1% (range: 101.5-165.8). The amount of soft-tissue volume increase at the operated side relative to the healthy side using titanium miniplates was 126.4% (range: 102.2-167.6). There was no statistically significant difference (P ¼ 0.69; >0.05) in the amount of soft-tissue volume increase at the operated side relative to the healthy side at the frontozygomatic sutures between patients treated with the bioresorbable material and those treated with titanium miniplates (Table 2) .
DISCUSSION
The mechanical properties of titanium, which include strength, ease of handling, and lack of propensity for dimensional changes, prompted its widespread adoption as the material of choice for the manufacture of fixation devices. However, patients with titanium fixation devices may require a second operation to remove them, and the devices occasionally trigger immunoinflammatory responses when used in the treatment of maxillofacial fractures, where they generate fine metal particles. [18] [19] [20] In contrast, a second operation is unnecessary to remove bioresorbable plate systems. In this respect, they represent very effective devices. However, the thickness of bioresorbable plates is, on average, 2 to 3 times that of metal plates of comparable flexural strength. Indeed, the bioresorbable plates used in this study were about 2 times thicker than the metal plates. Generally, the adverse effects of bioresorbable plates are related to their increased thickness, equating to greater postoperative visibility and palpablity. [10] [11] [12] Additionally, the frontozygomatic area is traditionally used for fixation in the treatment of fractures of the lateral face of the orbital rim; however, this enhances their undesirable effects. 21, 22 Kubota et al 21 reported that patients fitted with plates at the frontozygomatic sutures were more likely to undergo plate removal surgery. Nagase et al 23 showed that higher rates of plate discomfort were experienced with plates fitted near the supraorbital, infraorbital, and mental foramina. Furthermore, Chrcanocic et al 22 stated that plates applied to the lateral face of the orbital rim produced undesirable effects, such as palpability and visibility. Taken together, these observations suggest that care is required when using bioresorbable plates at the frontozygomatic sutures and orbital rim in patients with zygomatic fracture to avoid palpability.
In this study, no patients treated with bioresorbable plates or titanium miniplates experienced palpability in the region of the frontozygomatic sutures and orbital rim. The bioresorbable plate system used in this study was of reduced thickness compared with conventional bioresorbable plates. The GRAND FIX plate system is 0.95 mm thick, and is characterized by a counterbore system that enables the plate to remain 0.95 mm thick even when affixed to the bone using screws. Usually, screws (especially screwheads) add their own thickness to the thickness of the plate. Of the commercially available bioresorbable plates at the time of this writing, this plate system is the thinnest when containing screws (Table 3 ). In addition, it is a flat, smooth structure resembling a stepped plate, eliminating the grip portion of the screwhead by a cross-type of drive mechanism for this screw (Fig. 5) . Accordingly, this could reduce discomfort during palpation. The combined thickness of the soft tissue and plate was smallest using the titanium miniplate. Nevertheless, no patients treated with bioresorbable plates complained of foreign body sensation. We believe that this is because of the form of the bioresorbable plate, which is characterized by thinness and evenness as a result of the counterbore structure, and smoothness relative to the surrounding tissue.
In both the bioresorbable materials group and the titanium miniplates group, all patients eventually achieved satisfactory healing with favorable restoration of form and function. As the osteosynthesis material used in zygomatic fracture treatment, this newly bioresorbable plate is effective, and just as safe and reliable as titanium plate. Furthermore, concerning the complication of palpability that has been observed using conventional methods, thin plates could reduce postoperative palpability; thus, they are very effective in areas where patients are likely to report postoperative palpability, such as at the frontozygomatic sutures and infraorbital rim area. In our study, the postoperative course of all patients was uneventful. The foreign body sensation with this thin, flat plate system was negligible, and the plates were almost undetectable to the touch. However, because these plates remain considerably thicker than titanium miniplates, further improvement is necessary in future.
CONCLUSION
In this clinical study, we demonstrated the successful treatment of patients with zygomatic fractures using a thin, flat bioresorbable plate system without complications, including palpability. The difference in palpability between titanium miniplates and thin bioresorbable plates is the result of the difference in thickness of these plates. However, the use of GRAND FIX plates, which have the same strength as the cortical bone yet are much thinner than conventional plates, reduces the burden of palpability. This bioresorbable plate system can be considered clinically useful in the treatment of zygomatic fractures in easily palpated areas such as the infraorbital rim and frontozygomatic sutures. FIGURE 5. (A) A conventional plate system with a thick plate, further increased by the thickness of the screwhead; (B-D) the thin-type GRAND FIX (Gunze) has a thickness of 0.95 mm, and is characterized by a counterbore system. In the counterbore system, the thickness of the plate is not increased even when fixed using a screw.
